Introduction 1
Although concrete and steel are very different materials they can complement each other. The ideal combination of strengths -with concrete efficient in compression and steel in tension -can significantly enhance structural members by providing both strength and reduced size. As steel can improve resistance and speed of construction, concrete can provide corrosion protection and thermal insulation to steel at elevated temperatures. The extensive use of steel-concrete composite members, in order to increase fire survival of steel frames, can be evidenced by the availability of several current simplified design methods, such as: part 1.2 of the EC4 (EC4-1. 2, 2003) , the Appendix 4 of the American recommendation (AISC/LRFD, 2005) among others (ABNT-NBR8800, 2008) .
Although the proposed code approaches are very straightforward to use, they possess many shortcomings in safe and economical design of structures in fire, e.g. checking is performed for isolated members only and a uniform temperature is assumed for steel members. For that reason, code equations are not able to describe the actual behavior of structures in fire, especially when global deformations are large and nonlinear behavior becomes relevant (Papadopoulos et al., 2008) . In contrast, applications of sophisticated FEM-based (Finite Element Method) approaches have a significantly growth over the last decade (Huang et al., 2004 (Huang et al., , 2009 Franssen et al., 2005; Yu et al., 2008; Mourão and Silva, 2007) , being able to simulate a complete structural system, including both thermal and mechanical responses to design-basis fire. Nevertheless, the amount of numerical data and the timeconsumption involved in the modeling process make it difficult to interpret the produced results.
Alternative technical solutions are still being demanded that could provide an accurate response, with less computational effort. In this regard, the original Advanced Analysis Concept (e.g., Chen et al., 1996) has been extended to study the global performance of steel framed structures subjected to compartment fires (Liew et al., 1998 (Liew et al., , 2002 . Conversely, while a significant influence of connections on the behavior of framed buildings have been observed in real fires (Al-Jabri et al., 2005) , and recently experimental programme (Yang et al., 2009, Daryan and Yahyai, 2009 ), the performed numerical simulation of the join region -already complex at room temperature -becomes further complicated under fire (Simões et al., 2001; Wang et al., 2008; Mao et al., 2010; Chung et al., 2010) . This paper is addressed to the development of an inelastic hingebased numerical tool, denoted as SAAFE Program (System for Advanced Analysis for Fire Engineering), able to perform material and geometric non-linearity analysis of 2D semi-rigid steel-concrete composite framed structures under fire conditions. The proposed plastic-hinge model, which has been previously implemented and validated for "rigid" composite framed structures (Landesmann et al., 2009; Landesmann, 2010) is adapted herein to assorted semirigid connections configurations under fire. The presented model is derived from inelastic moment-curvature-temperature-thrust response of composite elements under fire, representing a smooth transition from initial yield to full plastic domain under the interaction of axial and bending effects (Iu et al., 2007 (Iu et al., , 2009 ). In addition, the Component Method, originally proposed by part 1.8 of Eurocode 3 (EC3-1. 8, 2003) to simulate the moment-rotation curve of connections, is modified and used in this paper to account the elevated temperatures effects. Moreover, the connection flexibility is evaluated as a function of the fire elapsed time and included in the beam-column element formulation.
In summary, section 2 of this paper presents the general formulation of SAAFE model, starting by describing the analysis methodology and the moment-rotation relationship of connection flexibility, to be evaluated as a function of the fire elapsed time. Obtained results of a proposed framed structure with different beamto-column support conditions are investigated by the SAAFE approach in section 3, in order to illustrate the efficacy of the proposed procedure for solving more complex structures under fire. In this section, results for a bolted end-plate connection are proposed and compared to experimental results (Al-Jabri et al., 2005) 
Proposed Numerical Analysis Approach Basic assumptions and element formulation
The proposed two-dimensional plastic-hinge model considers the following characteristics to be discussed in the presented section (Chen et al., 1996; Liew et al., 2002; Landesmann, 2010) : (i) distributed plasticity effects described by a stiffness parameter η, evaluated as a function of the yielding progress at each plastic-hinge location, (ii) an approximate scheme based on an effective tangentmodulus E t concept, which reduces the modulus of elasticity in the element stiffness calculation, considering both the residual stress and out-of-straightness effects, and (iii) a second-order formulation based on conventional stability functions allowing an accurate identification of member instability with low computational efforts. The following assumptions are made for the stiffness formulation of the present approach: (i) the members are prismatic and slender in which the Bernoulli-Euler hypothesis is valid, (ii) lateral-torsional buckling, twisting effect, warping and shear deformations are neglected, (iii) nodal load response is only included in the present formulation, (iv) capacity of concrete under tension is negligible, (v) no separation between steel beam and concrete is allowed, and (vi) element is elastic and all material nonlinearities are allowed for in a plastic-hinge spring.
SAAFE program adopts a numerical procedure based on the Newmark integration scheme to account for the axial and the flexural inelastic mechanical responses, for different temperature distributions (Landesmann et al., 2009) . In this procedure, a threeparameter power model originally proposed by Kishi-Chen (Chen et al., 1996) is used to represent the inelastic M-κ (moment-curvature) curve, as given by Eq. (1). The following parameters are accounted for: (i) elastic stiffness (EI el ) evaluated from the tangent at M-κ origin, (ii) ultimate flexional strength (M u ), corresponding to the limit horizontal limit of M-κ, and (iii) an n shape parameter.
( )
The inelastic reduction factor η concept, which represents the ratio between inelastic and elastic flexural stiffness (Chen et al., 1996) , derived for composite structures under fire conditions (Landesmann, 2010 ) is given as follows (Eq. (2)), where (EI el ) is the elastic flexural stiffness.
The inelastic behavior of steel columns and composite (steelconcrete) at elevated temperature conditions, under pure axial compression (or for tension), is also simulated by SAAFE program (Landesmann et al., 2009) . In this, the effective tangent modulus concept (E t ) -previously developed to estimate the ultimate strength of compressed members for normal temperature conditions (Chen et al., 1996) -is adopted. The boundary surface approach (Liew et al., 2002) is computed by SAAFE to represent a smooth transition from the elastic to inelastic domain. In this procedure, an interaction P-M surface is evaluated to capture the load combination of axial force (P) and bending moment (M). The computed P-M interaction curves can be plotted for each time step of fire elapsed time.
The connections are modeled as rotational springs, physically tied to the ends of the elements, having the moment-rotationtemperature (in case of fire) curves described by the RambergOsgood (1943) relationship, given in the following section of this paper. The tangent stiffness of the connection (R kt ), evaluated for each element end, is given by expression (Eq. (3)).
The presence of the K E factor is used to account for the temperature influence and M is the connection bending moment. The initial connection stiffness (R kti ) can be easily obtained by differentiating at the origin of the curve, as shown by Eq. (4).
The cross-section ultimate resistances for normal temperature conditions (20ºC), denoted as M u20 and P u20 , are modified taking into account the effective stress limit (f u,θ : f y,θ for steel and f c,θ for concrete). The equivalent plastic strength, associated respectively with the axial (P uθ ) and flexional (M uθ ) strength are determined by Eq. (5).
The thermal deformations caused by the temperature increment are taken into account by a restoring forces vector approach. For a non-uniform temperature distribution along the cross-section, an axial (P θ ) and a flexural (M θ ) restoring force are evaluated (Eq. (6)), where ε θ is the temperature-dependent thermal expansion coefficient (EC4-1.2, 2003).
The element force-displacement relationship of a beam-column element with semi-rigid connections at its ends, implemented in SAAFE program, is expressed in terms of the stability functions, S 1 and S 2 , derived from the beam-column equilibrium considerations (Chen et al., 1996) , as presented by Eq. (7) 
where the following terms are considered: The equivalent axial (EA) and flexural (EI) stiffness are replaced by the respective terms under fire: (EA θ ) and (EI θ ), which are evaluated as a function of the fire elapsed time, accounting for the corresponding temperature distribution on the basis of the temperature-dependent elastic modulus, as follows (Eq. (12)):
Connection component modeling
The Component Method is a simplified analytical model used to represent the moment-rotation curve of several connection typologies. This approach is based on a mechanical model introduced by EC3 1. 8 (2003) and has been extensively correlated to experimental data as presented by Faella et al. (2000) . In this model, the joint is assumed as assembly of extensional springs (components), with predefined characteristics of stiffness and resistance that might contribute to the joint deformation. The identification of the active components of the joint is the first step of the method. After that, the force-deformation relationship for each individual component can be established. Finally, a connection moment-rotation curve can be proposed, where the basic following parameters are normally used to define the joint behavior: initial stiffness (K φ ), moment resistance (M j,Rd ) and the permanent rotation (φ 0 ). This paper is concerned with steel bolted beam-to-column endplate connections under ambient and fire conditions, where 8 active components are identified, as presented in Fig. 2(a) .
(a)
The components related to "beam flange and web in compression" (bfc) and "beam web in tension" (bwt) are considered in the flexural strength of the joint. The remaining components (total of 6) are assumed to have a perfectly-plastic behavior. Some of these components depend on the number of bolt row in tension and of its location on the joint. As for instance in the case of the column web in tension, column flange in bending, end plate in bending, bolts in tension and beam flange in tension. The contribution of these components has to be assessed considering the behavior of each individual bolt row and the group effect, i.e., considering the possible interaction with other bolt rows (Faella et al., 2000) . The mechanical model suggested by EC3 1.8 (2003) is presented in Fig. 2(b) . The main steps of the procedure, used to evaluate the joint rotational stiffness (EC3-1. 8, 2003) , are also summarized in Fig. 2(b) , where the stiffness of each component is represented by a spring with predefined characteristics.
The joint flexural resistance M jRd is computed by Eq. (13), where F i.Rd is the resistance of the i-th bolt row, m is the number of bolt rows in tension (total of 3) and h i is the distance of the bolt row from the center of compression, which is located in the midthickness of the beam compressed flange. The procedure starts by evaluating the last bolt row from the center of compression, repeating the process for each other bolt row. 
The resistance of each bolt row is obtained by considering the weakest value between the strength of their basic components. It should be noted that the resistance of any bolt group cannot exceed the resistance of the components, which are independent of the bolt rows. For the initial stiffness, Eq. (14), the general stiffness of the joint is obtained by combining the extensional stiffness of individual components. So that, the equivalent overall stiffness of the tension bolt rows given by Eq. (16) is obtained. In this procedure, a rigid rotation of the beam web around the compression center is assumed, presenting the lever arm in Eq. (15). The strength and initial stiffness for the main connection components are summarized in Table 1 ( EC3-1.8, 2003) .
Moment-rotation behavior
The non-linear Ramberg-Osgood (1943) relationship is used in this paper to represent the moment-rotation curve of the proposed connections under fire conditions, as presented by Eq. (17), where φ 0 is the permanent rotation of the joint, given by Eq. (18), n r is a shape factor characterizing the knee of the moment-rotation curve, K E is the young's modulus reduction factor as a function of the temperature (Fig. 3(b) ) and M is the connection loading bending moment. 
The proposed connection parameters are outlined in Fig. 3(a) by means of the Ramberg-Osgood relationship in comparison to the simplified bi-linear moment-rotation curve, proposed by EC3-1. 8 (2003) , where R kt is the instant connection stiffness. The degradation of structural steel with increasing temperature (θ) is characterized by a reduction of yield stress by the coefficient K y according to EC4-1.2 (2003) , as shown in Fig. 3(b) , where K b is the stiffness coefficient reduction for bolts (K E is the young's modulus reduction factor). Reduction Factor 
Thermo-mechanical properties for fire conditions
The temperature response of members exposed to fire is performed by SAAFE program by 2D FEM nonlinear transient heat transfer analysis (Cook et al., 2002) . The thermal temperaturedependent properties of materials are considered in accordance to EC4-1.2 (2003). Fire exposed members are assumed to be uniformly heated along the entire length and around the entire perimeter of the exposed section. A resultant emissivity value of 0.5 and 0.7, respectively for steel and concrete surfaces, are assumed for the radiative heat flux, where a heat transfer coefficient of 25 W/ºC·m² is assumed for convective flux. The effects of non-uniform temperature distribution in the cross-section (Guo and Li, 2008) are accounted for in the present approach. As recommended by EC4-1.2 (2003), the temperature for the connection is assumed to be uniform and equal to the mean temperature of the bottom flange of the mid spam of beams elements supporting any type of concrete floor. Based on the temperature distribution of the cross-section, the structural thermal effects are automatically accounted for by SAAFE program. The variation of the mechanical properties of the cross-section, i.e. the effective strength and stiffness as a function of the fire elapsed time (also temperature) are performed, taking into account the stress-strain (σ vs. ε) relationship for concrete and steel at elevated temperatures, as proposed by EC4-1.2 (2003) .
Application Example General description
A 2-storey 3-bay portal-framed structure is proposed in this paper (Fig. 4(a) ) to verify the connection influence on the structural behavior under fire conditions. The column elements are composed of four 2 x 3 m UC 152x152x23 section and three 8 m spans of a UB 254x102x22. The composite behavior is considered for the proposed beam elements, assuming full interaction between the steel profile and a 10 cm thick concrete slab, poured-in-place (f c,20 = 20 MPa, characteristic compression for 20ºC). The reinforcement bars in the slab are not considered in the beam design. The following S275 steel mechanical properties are considered in the analysis: f y,20 = 322 MPa and E = 197 kN/mm2 for 20ºC, as experimentally measured by Al-Jabri et al. (2005) . A standard firedesign curve (EC1-1.2, 2001) is postulated to occur at the first floor, between columns 2 and 3, as also indicated in Fig. 4(a) .
Only the lower parts of the beams are partially exposed to fire, while the columns are assumed to be fully protected against fire action (Fig. 4(a) ). A steady-state external mid-span loading force (F = 7.9 kN), corresponding to 20% of the ultimate nominal flexural strength of the downstand beam is considered in the analysis. Three conditions are assumed for the beam-to-column connections: (i) rigid, (ii) pinned and (iii) semi-rigid. Constructional details for the semi-rigid connection are presented in Fig. 4(b) . 
Thermo-mechanical response
The inelastic mechanical response of composite elements under fire conditions, previously presented in this paper, is applied in this section for the analysis of the composite UB 254x102x22 beam element. The evaluated temperature response of the proposed element is presented in Fig. 5(a) , in which three points are selected to represent the temperature across the section height. A 40 mm thick insulation layer is considered for the steel beam. The following insulation properties are taken into account: density of 800 kg/m³, specific heat 1700 J/kg°C and thermal conductivity of 0.17 W/m°C. The maximum temperature is observed to occur at the lower flange (θ 3 ), followed by the web (θ 2 ) and the top flange (θ 1 ), since this last point is partially protected by the concrete slab. The standard firedesign curve is also plotted in order to compare the temperature evolution on steel and at the contour medium. The changing of the ultimate composite section strength, P-M interaction curves, as a function of the fire elapsed time, can be verified in Fig. 5(b) -where the compression-positive bending moment combination curves (lower flange in tension) can be seen. Due to the interaction between steel-concrete composite behavior as well as the presence of the insulation layer, a strength reduction less than 10% is observed for the first hour of fire, in comparison to ambient temperature section capacity. In addition to Fig. 5(b) , the variation of the equivalent plastic strength, associated respectively with the axial (P uθ ) and flexional (M uθ ) strength, given by Eq. (5), is presented in Fig. 5(c) , normalized by the corresponding capacity for normal temperature conditions. As shown, the section inelastic capacity is continuously reduced as a function of the fire elapsed time. It should be noted that there is a considerable change in the flexural behavior after 1h-fire. The equivalent cross-section restoring forces for axial (P θ ) and flexural (M θ ) effects, previously given by Eq. (6), are also presented in Fig. 5(c) . The modification of the element axial and flexural stiffness as function of the fire elapsed time, respectively EA and EI, is given in a normalized form by Fig. 5(d) . Where, one can observe the influence of the compression and tension behavior on the element stiffness, as a function of the fire elapsed time.
In order to verify the applicability of the proposed component model, previously presented in this paper, a cruciform bolted endplate steel joint configuration, experimentally tested by Al-Jabri et al. (2005) is selected. The joint details, previously given in Fig. 4(b) , consist of two UB 254x102x22 beams connected to a UC 152x152x23 column by an 8 mm thick flush end plate and six M16 grade 8.8 bolts. The connection moment-rotation (M-φ r ) curves for different uniform temperature distribution across the joint are presented in Fig. 6(a) , where one can observe good agreement between the experimental results (Al-Jabri et al., 2005) and the presented component model approach, previously given by Eq. (17). The variation of the normalized connection tangent stiffness (in a normalized form: R kt /R kti,20 ), previously presented by Eq. (3), for different bending moments, is given by Fig. 6(b) , where, R kti,20 is the initial connection stiffness for ambient temperature conditions and M u is the connection ultimate flexural capacity. The variation of the R kti , which represents the initial branch of the R kt , as a function of the steel temperature is previously presented in Fig. 3(b) . This curve is plotted in comparison to the steel reduction factors provided by EC4-1.2 (2003) , also given in Fig. 3(b) . The variables, presented by Eq. (17), to represent Ramberg-Osgood (1943) moment-rotation relationship for the proposed end-plate connection under fire conditions, are summarized in Table 2 . The proposed values for the connection shape parameter n r were obtained by curve-fitting the proposed Ramberg-Osgood approach with experimental results from Al-Jabri et al. (2005) . 
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Structural behavior
Since the inelastic properties of the elements and connection are evaluated, the structural behavior of the proposed 2 storey framed (Fig. 4) can be assessed for ambient and fire conditions. Results for the vertical displacement, evaluated at the mid-spam of the central beam (axes 2-3), are given by Fig. 7 for the proposed beam-to-column connections cases: pinned, semi-rigid and rigid, where the influence of the joint flexibility can be compared, for fire conditions as well as for ambient temperature, respectively given by Fig. 7(a) and Fig.7(b) . In this last case, an incremental loading factor (ψ) is considered, where ψ = 1 is assumed to be the ultimate capacity of the pinned connection. The performed analysis considered thermal effects as well as the external loading. In order to infer about the flexural inelastic behavior of distinct cross-section configurations, two additional simplified numerical cases have been proposed. Each case consists of an isolated 8 m span beam member, where the beam cross-section configuration proposed for the 2-storey portal-framed is used. This isolated member is analogous to an individual bay of the 2-storey portal-framed. The vertical load is continuously incremented by small load-steps until no numerical convergence is obtained, which is interpreted as the member failure. Two boundary conditions are verified on this proposed analysis: (i) simply-supported and (ii) fully-restrained. The adopted modelling discretization is similar to the one proposed for the 2-storey portal-framed beams. A comparison between the mid-span vertical displacements (δy), obtained by both SAAFE and FEM (Franssen et al., 2005) approaches are presented in Fig. 8(a) for simply-supported and fully-restrained boundary conditions.
The nonlinear behavior of each configuration can be followed up to the member failure, in which, the correspondent applied load level can be verified. The inelastic effects associated with the presence of plastic-hinge zones along the member, represented by means of approximated plastic-hinge indices η% (Eq. (2)) are illustrated in Fig.  8(b) . Both simply-support and fully-restrained computed conditions are contrasted -each plastic failure mechanism can be recognized as well as the correspondent ultimate load capacity. As observed in Fig.  8(a) , the proposed SAAFE approach is able to mainly capture nonlinear load-displacement trajectories estimated by FEM model (Franssen et al., 2005) , showing very good agreement either for the elastic range and the ultimate capacity of the elements. As indicated in Fig. 8(a,b) , for the simply-supported case, the progressive erosion in the element stiffness caused by the plastic process results in a nonlinear behavior. As expected, the fully-restrained case is able to account for a higher ultimate load level. The nonlinear structural behavior of the 3-storey frame under fire condition is presented in Fig. 9 . One can observe the frame deformed configuration for the proposed beam-to-column connection cases. It is possible to compare three selected fire instants: 600 s, 1000 s and 1500 s -respectively given by Fig. 8 . The presented structural displacements are multiplied by 30. As expected, the pinned case presents the higher beam deformations when compared to those of the semi-rigid and fixed cases. 
Conclusions
A second-order refined plastic hinge analysis method, used to assess the performance of steel and composite (steel-concrete) structures under fire conditions, previously validated for continuous frames (Landesmann, 2010) , is presented in this paper for semi-rigid connections. The computational approach, SAAFE Program (Landesmann et al., 2009) , has been developed based on the Advanced Analysis concept (Chen et al., 1996) , taking into account the non-linear behavior of material at elevated temperatures, as recommended by part 1.2 of Eurocode 4 (EC4-1.2, 2003). The analytical model was used in this paper to study the behavior of semirigid connections under fire. In this regard, a case study for end-plate connections at elevated temperature based on the Component Method (EC3-1.8, 2003) was presented. Results for the joint behavior were compared with experimental data reported by Al-Jabri et al. (2005) with acceptable agreement. A function for the connection tangent stiffness for different temperatures levels, derived from the basic moment-rotation relationship (Ramberg-Osgood, 1943) , was obtained and included in the beam-column element formulation. Results for a proposed 2-storey portal-framed structure indicate that the proposed approach is able of predicting the inelastic performance of steel and composite structures under fire, avoiding a complex modeling representation for the beam-column elements and connections.
